Introduction
Heavy metals, released either by natural or anthropogenic activities are persistent pollutants in aquatic ecosystems. Despite the fact that some metals are essential nutrients, excess concentrations of all heavy metals causes various harmful effects, such as oxidative stress through increased production of reactive oxygen species (ROS) and inhibition of cell metabolism [1] . There is a balance between prooxidant and antioxidant activity. When the antioxidant system of the cell is overpowered by ROS production, oxidative stress occurs. Free radicals can change the structures of proteins, lipids, carbohydrates and nucleic acids. It is essential for cells to have adequate systems that can deactivate free radicals. To overcome the ROS induced harm, plants have evolved a network of antioxidative enzymes, such as catalase (CAT, EC 1.11.1.6), peroxidase (POD, EC 1.11.1.7) and superoxide dismutase (SOD, EC 1.15.1.1) in parallel with low molecular weight antioxidants, such as ascorbate, proline and glutathione [2, 3] . Antioxidants can inhibit lipid peroxidation chain reactions that can produce new free radicals and lipid peroxides. Phenolic compounds are important antioxidants that can directly scavenge ROS [4] . They are biomarkers of oxidative stress and their synthesis is induced in stress conditions [5, 6] .
Heavy metals, like Hg, Cd and Cr, directly disturb normal structure and function of living cells. It is known that Hg affects antioxidant defense system of cells, interfering with nonenzymatic antioxidants, glutathione and non-protein thiols as well as the enzymatic antioxidants superoxide dismutase, ascorbate peroxidase and glutathione reductase [7] [8] [9] . Cadmium is a nonessential metal for plants and it causes a decrease in growth rate, impaired chloroplast structure and reduction in pigment content that result in chlorosis and even plant death [10] [11] [12] . Unlike other transition elements that can produce ROS directly by participating in the conversion of relatively stable oxidants into powerful radicals, Cd is not redox active and cannot catalyze Fenton-type reactions. However, it may contribute to ROS production indirectly by substituting an essential metal ion as a cofactor at an enzyme active site [1] , or by depleting the glutathione pool [13] . Chromium causes membrane damage, ultra structural changes in the organelles, growth retardation and changes in metabolism, oxidative damage to proteins, lipids and nucleic acids, generating ROS through interactions with ascorbate, NADH, glutathione and other compounds in cells [14, 15] .
The objective of this study was to compare the responses of two duckweed species, L. minor and L. gibba, to short term exposure to Hg, Cd and Cr, addressing the activities of catalase and guaiacol peroxidase, as well as the concentration of hydrogen peroxide and the extent of oxidative damage to lipids. 
Experimental Procedures

Plant material and heavy metal exposure
Enzyme extraction and total protein content determination
Fresh tissue, approximately 200 mg per sample, was frozen in liquid nitrogen and homogenised in 2 ml potassium phosphate buffer (100 mmol L -1 , pH 7.0) containing 1 mM EDTA and polyvinylpyrrolidone (PVP). The samples were centrifuged at 18000xg for 15 min at 4ºC. The supernatant was used for protein concentration and enzyme activity assays. Total soluble protein concentration of the extracts was determined using a bovine serum albumine as a protein standard [17] and results expressed as mg of protein g -1 of fresh weight. POX, EC 1.11.1.7) G-POX activity was determined as the increase in absorbance at 470 nm due to guaiacol polymerizing to tetraguaiacol [18] 
Guaiacol peroxidase (G-
Hydrogen peroxide and lipid peroxidation
The concentration of H 2 O 2 in Lemna plants was determined spectrophotometrically [20] . Approximately 100 mg of plant material was homogenized in liquid nitrogen and 1 ml of ice cold acetone was added. The homogenates were centrifuged for 5 min at 4°C and 6,000xg. Supernatant was mixed with 400 μL titanyl-sulphate in acid solution and 500 μL concentrated NH 4 OH (25%). The precipitated complex was dissolved with 1 ml 2 mol L -1 H 2 SO 4 and the solution was clarified by centrifugation. The absorbance was read at 415 nm and the H 2 O 2 concentration has been calculated from the calibration curve and expressed as nmol g -1 fresh weight.
Lipid peroxidation was estimated indirectly as a formation of malondialdehyde (MDA), a by-product of lipid peroxidation that reacts with thiobarbituric acid (TBA) [21] . Approximately 200 mg of plant material was homogenized with 1 ml of 0.5% thiobarbituric acid in 20% trichloroacetic acid (w/v). The homogenates were then incubated at 100°C for 30 min and reaction was stopped in an ice bath. The samples were centrifuged at 10,000xg at 4°C for 10 min and the absorbance was measured at 532 and 600 nm wavelengths. The reading at 600 nm was subtracted to remove non-specific absorption. The amount of MDA was using an extinction coefficient of 155 mmol L -1 cm -1 and expressed as nmol g -1 fresh weight.
Ascorbic acid and soluble phenolic compound concentration
Ascorbic acid concentration was determined spectrophotometrically [20] . Approximately 40 mg of fresh plant tissue per sample were frozen in liquid nitrogen, homogenised in 1 ml of 6% thiobarbituric acid, 0.5 ml of 2% dinitrophenylhidrazine and 10% thiourea in 70% ethanol. After homogenisation, samples were incubated in boiling water for 15 minutes, then chilled at room temperature and centrifuged at 1,000xg at 4°C for 10 minutes. 
Statistical analysis
Values shown in the figures and tables represent average values ± standard deviation of six replicates (n=6) for each metal concentration. Every replicate represents a sample from a new Erlenmeyer flask. For each analysis, data were compared by analysis of variance (ANOVA), using STATISTICA 8.0 software package (StatSoft, USA). Differences between corresponding control and experimental treatments were considered statistically significant at P<0.05.
The differences of response curves for the two species and each metal treatment were tested with analysis of covariance (ANCOVA) and Tukey's test (P<0.05). Data transformations were applied to approximate the assumptions of normality and same error variance.
Results
Fresh mass production of L. minor and L. gibba
Metal treatments had no significant effect on fresh biomass production in L. minor and L. gibba cultures after 24 h of metal exposure (Table 1 ).
Total soluble protein concentration
Mercury, cadmium and chromium had a significant impact on total soluble protein concentration in L. gibba, while mercury and chromium had significant effects in L. minor ( Figure 1 
Antioxidant enzyme activities
All metals had a significant effect on specific G-POX activity in L. gibba. However, in experiments with L. minor, Cd and Cr induced change was not significant in comparison to respective controls (Figure 2 Results of the ANCOVA analysis showed that each of the three metals had significantly different effect on ascorbic acid concentration in L. minor and L. gibba (Table 4) . Also, L. minor and L. gibba ascorbic acid concentration changed differently when exposed to the same metal ( Table 5 ). The phenolics concentration changed significantly when exposed to Hg in comparison to Cd or Cr exposure in both Lemna species. Moreover, all tested metals had different impacts on phenolics content when comparing the responses of two species to the same metal (Table 5) .
Discussion
The responses of enzymatic and nonenzymatic antioxidant systems in metal-stressed plants are highly variable, depending on the plant species, metal ion, concentration and duration of exposure [23] . Changes in the activity of antioxidative enzymes, CAT and G-POX, concentration of non-enzymatic antioxidants like ascorbic acid, concentration of H 2 O 2 and MDA as indicators of oxidative stress, as well as changes in the concentration of soluble proteins, indicates that oxidative damage occurs to duckweeds in short term Hg, Cd and Cr exposure. However, there is no significant difference in oxidative damage to cells of alfalfa seedlings exposed to either Hg or Cd for periods of 6 h and 24 h [8] . These findings indicate that significant damage to cells occurs in periods of less than 6 h of heavy metal exposure.
There are few studies of oxidative stress in duckweeds caused by heavy metal treatments in periods of 24 h or less [24] [25] [26] . These studies suggested that increased concentrations of Cu and Cd affected physiological and biochemical processes in L. minor by inducing oxidative stress, enhancing lipid peroxidation and regulating the antioxidative system. Comparing the effects of applied metals, Hg was the most toxic causing significant decrease of total protein concentration in both treated species. Heavy metals are known to decrease soluble protein concentration in aquatic macrophytes [27, 28] . The decrease in total protein concentration may be due to increased activity of proteases [29, 30] or due to the fact that heavy metals may interfere with uptake of nutrients like Mg and K [31] . While Cd treatment had no significant effect on protein concentration in L. minor after 24 h, Hou et al. [32] reported that Cd significantly decreased soluble proteins in L. minor after 4 days of exposure. These results suggest that exposure times longer then 24 h are needed for Cd to induce a significant decline in protein concentration in L. minor. After 24 h of Cd treatments, all tested concentrations decreased soluble protein concentration in L. gibba. On the other hand, Cr treatment had significantly different effects on the two Lemna species, decreasing protein concentration of L. minor, but significantly increasing protein concentration of L. gibba. Increased protein concentration in L. gibba was probably a consequence of increased synthesis of specific stress proteins [33] , such as enzymes that are involved in antioxidative metabolism, heat shock proteins which are known to be expressed in response to variety of stress conditions including heavy metals, and metal chaperons that deliver essential metal co-factors to target metalloproteins in various cellular compartments [34] . Treatment with Cr in similar concentration range increased soluble protein concentration in Salvinia minima [35] . Longer period of exposure to increased concentrations of Cr (10-200 µmol L -1 ) significantly decreases protein concentration [36] .
Reactive oxygen species are normally present in all aerobic cells and their quantity is being controlled by various antioxidative defence mechanisms [37, 38] . The increased activity of antioxidative enzymes in Hg, Cd and Cr treated Lemna plants indicate the generation of oxidative stress. Oxidative damage to membranes is probably the most harmful effect of oxidative stress [32] . Enhancement of lipid peroxidation in Hg treated Lemna plants was accompanied by increase in H 2 O 2 concentration, showing a good relationship between these two parameters (r 2 =0.86 for L. minor and r 2 =0.86 for L. gibba). In addition, a good inverse relationship was evident between H 2 O 2 concentration and the activity of G-POX and CAT in both Lemna species treated with Hg. Improvement of stress tolerance has been connected to an increase in the activity of antioxidative enzymes [39] . Although Hg in a concentration of 4 mg L -1 is lethal to L. minor after 96 h exposure [40] , this study shows that an antioxidative response within 24 h in both tested species is strong enough to reduce oxidative injury to cells, reducing levels of H 2 O 2 and MDA concentration in cells even at high Hg concentrations. Antioxidative enzymes display biphasic activity curves in L. minor treated with Cd and Cr, which is demonstrated also by Razinger et al. [25] . Although enzyme activities in L. minor treated with Cr were slightly elevated after 24 h, this induction was not significant. In addition, Dhir et al. [41] reported that activity of CAT was not influenced even after 7 day exposure to 50 mg Cr L -1 . Treatments with Cd and Cr induce H 2 O 2 and MDA level in Lemna plants depending on the exposure duration [12, 25, 32] . Our study shows that low activity of antioxidative enzymes in L. minor at higher Cd and Cr concentrations resulted in oxidative damage, since H 2 O 2 and MDA levels were significantly elevated. Inadequate activity of antioxidative enzymes can result in oxidative damage in heavy metal treated plants [42] . The most pronounced induction of antioxidative enzymes activity in both duckweed species was in treatment with Hg. While Cd and Cr also caused induction of G-POX and CAT activity, this induction was lower in intensity when compared with response to Hg treatment. Moreover, induction of antioxidative enzymes was always higher in L. gibba then in L. minor. When treated with 20 mg Hg L -1 , G-POX activity in L. gibba was 9-fold higher when compared to the control, while in L. minor G-POX activity increased 7-fold in comparison to the control. Similar to G-POX, CAT activity was 7.5-fold higher in L. gibba and 2-fold higher in L. minor when compared to the respective control. In treatment with Cd or Cr, G-POX was not significantly induced in L. minor. Lemna gibba antioxidative enzymes were significantly induced at all Cd and Cr concentrations while levels of H 2 O 2 and MDA were low, suggesting that L. gibba's antioxidative system is able to prevent metal induced oxidative damage [38] . The induction of L. gibba, but not L. minor, antioxidative enzymes at lower Hg, Cd and Cr concentrations suggests a better antioxidative status of L. gibba. Additionally, Oláh et al. [43] reported that L. gibba can maintain physiological stability under 48 h of Cr treatment more effectively then L. minor.
Ascorbic acid as an important soluble antioxidant can provide protection from ROS by directly scavenging superoxide and hydroxyl anions [44] . Hg dependent decrease in ascorbic acid concentration in L. gibba (r 2 =0.80) suggests its important and active role in defense of L. gibba cells from metal toxicity. Ascorbic acid depletion is reported in L. minor after 24 h exposure to thallium(I)-acetate [45] . Since decrease in ascorbic acid concentration after thallium(I)-acetate exposure coincided with increase in activity of ascorbate peroxidase (APX), it was probably consumed as an electron donor to APX [45] . On the other hand, treatment with Hg as well as Cd or Cr, increased ascorbic acid level in L. minor. Enhanced levels of ascorbic acid were also reported in L. minor treated with Cu [24] , Zn treated Brassica juncea [46] and Hg exposed Bacopa monnieri [29] . In addition, Sinha et al. [15] reported that in Cr treated Pistia stratioites, ascorbic acid concentration increased after 48 and 96 h of treatment but decreased after 144 h of exposure. These results suggest that accumulation of ascorbic acid in the early period of exposure is presumably a result of an overall tolerance of plants to metals, while upon prolonged exposure concentration decreases due to its antioxidant properties.
Estimation of phenolic compounds can be utilized to indicate the resistance of aquatic macrophytes to oxidative damage induced by heavy metals [47] . The enhancement of phenolics concentration in L. gibba stressed by Hg, Cd or Cr improved plants antioxidant abilities to combat metal induced oxidative injury. Quantitative and qualitative changes in content of phenolics compounds were reported in L. gibba after 24 h exposure to mycrocystin [6] . The importance of phenolics in antioxidative response of L. gibba is confirmed with significant positive correlation with G-POX activity and a good inverse relationship with H 2 O 2 content, since phenolics function as electron donor to guaiacol peroxidase for the detoxification of H 2 O 2 [48] .
In this study, the effects of Hg, Cd and Cr on duckweed plants were compared on a mass basis using a range of metal concentrations. Many studies have tested and compared the impact of heavy metals based on their mass [7, 32, 35, 40, 41, 47] . We concede that comparing molar concentrations would be more informative for future studies. In the present study, the Cr concentrations were 2.1-fold higher than the Cd concentrations which in turn were 1.78-fold higher than the Hg concentration range used. Identified statistical differences between metal treatments may therefore not be biologically significant. With the tested molar concentration range being much lower for Hg than for the other two heavy metals it is possible that both Lemna species were only able to respond to the Hg treatment by activating their antioxidant systems albeit to significantly different degrees. The lack of induction of G-POX and CAT activities in plants treated with Cd or Cr, as well as reduction of fresh weight in L. gibba treated with 20 mg Cr L -1 , could indicate that these metals, in the tested concentration ranges, are too toxic for plants to successfully activate their antioxidant defense.
Considering these results, we strongly propose that short term metal exposure induces an antioxidative response in L. minor and L. gibba. The antioxidative enzymes of L. gibba are activated at lower Hg, Cd and Cr concentrations, when compared to the L. minor response. Ascorbic acid and phenolics, alongside with catalase and guaiacol peroxidase play a key role in the L. gibba antioxidant defense system. Oxidative damage in L. minor is a consequence of inadequate antioxidant activity. Mercury, cadmium and chromium caused different responses in two used species. The enhanced antioxidative response of L. gibba to lower concentrations of Hg, Cd and Cr, tested in this study, enables higher tolerance in comparison to L. minor if stressful conditions occur in their natural habitats.
